Introduction {#s01}
============

Autophagy is a highly conserved process to degrade bulk cytoplasmic materials for cell homeostasis and in response to starvation. Dysfunctions in autophagy are implicated in cancer, neurodegenerative, and autoimmune diseases ([@bib12]; [@bib40]; [@bib39]; [@bib50]; [@bib59]). Because many stem cells, including neural stem cells (NSCs) are long lived, quality-control mechanisms are crucial. The processes of stem cell self-renewal and differentiation also require strict control of cellular remodeling ([@bib64]). Consistent with such expectations, we have reported that deletion of Fip200, an essential component of the complex required for the induction of autophagy in mammals ([@bib11]), resulted in NSC depletion and defective differentiation by aberrant reactive oxygen species (ROS) accumulation ([@bib56]).

Fip200 is the only autophagy gene analyzed in NSCs so far, but studies in other tissues and cancers suggest divergent outcomes by deletion of different autophagy genes ([@bib18]). For example, *beclin1* haplodeficiency promoted spontaneous malignancies in mouse models (lung and liver cancer, lymphomas; [@bib30]; [@bib48]; [@bib62]), but deletion of other autophagy genes did not ([@bib53]). In contrast, recent studies showed that autophagy gene deletion, including Fip200, inhibited growth of breast, lung, and pancreatic cancers ([@bib9]; [@bib57]; [@bib60]). Deletion of *beclin1* led to early and *Fip200* to late embryonic lethality ([@bib62]; [@bib8]), but *Atg5*- and *Atg7*-null mice survive until shortly after birth ([@bib26]; [@bib21]). These effects may be caused by gene functions beyond canonical autophagy. Atg7 was recently shown to regulate cell-cycle and cell-death pathways independently of its autophagy-essential enzymatic activity ([@bib27]). Beclin1 and Fip200 were shown to interact with other proteins to regulate cell functions independently of or in addition to autophagy ([@bib7]; [@bib40]; [@bib32]; [@bib3]). Thus, gaining insights into the mechanisms of NSC regulation by autophagy necessitates determining if autophagy genes other than Fip200 regulate NSCs.

The multifunctional adaptor protein p62/sequestome1 was the first selective autophagy receptor described ([@bib2]; [@bib47]). Knockout of Fip200 or other autophagy genes leads to abnormal p62 aggregate accumulation in several cell types including Fip200-null NSCs ([@bib2]; [@bib23]; [@bib29]; [@bib39]). Previous studies suggested that p62 ablation could rescue liver injury, but not neuronal degeneration, induced by *Atg7* conditional knockout (cKO; [@bib23]). The role and significance of p62 aggregates in Fip200-null NSCs defects remains to be characterized.

Prior studies showed that depletion of NSCs by autophagy inhibition was associated with aberrantly increased ROS. Aberrant ROS increases were also shown in Fip200-null NSCs ([@bib56]). A major source of endogenous ROS is superoxide (O~2~^•−^) from mitochondrial respiration ([@bib41]). Superoxide dismutase (SOD) enzymes convert O~2~^•−^ to hydrogen peroxide (H~2~O~2~), which is then converted to H~2~O by glutathione peroxidase ([@bib49]). This antioxidant defense system maintains cellular redox balance ([@bib35]; [@bib1]). Cytoplasmic SOD1 and mitochondrial SOD2 eliminate intracellular O~2~^•−^ ([@bib63]). Mitochondria accumulation and/or damage or SOD deficiency can lead to increased O~2~^•−^, causing oxidative stress and cell death ([@bib5]; [@bib33]; [@bib42]).

Here, we show that deletion of *Atg5*, *Atg16L1*, and *Atg7* in mice inhibited autophagy and led to mitochondria accumulation in postnatal NSCs. However, unlike Fip200 deletion, deletion of the other autophagy genes did not affect NSC maintenance and differentiation. Further, p62 aggregates accumulated in Fip200-null NSCs, but not in NSCs depleted of other autophagy genes. p62 deletion rescued Fip200-null NSCs. Reduced cytoplasmic levels of SOD1, but not SOD2 or increased mitochondria mass, correlated with increased levels of O~2~^•−^ in Fip200-null NSCs. SOD mimetics also rescued the defective phenotype. These results show that p62 determines the outcome of autophagy inhibition by impeding O~2~^•−^ elimination by SOD1 in postnatal NSCs.

Results {#s02}
=======

Atg5 and Atg16L1 deletion cause autophagy deficiency and mitochondria accumulation in postnatal NSCs {#s03}
----------------------------------------------------------------------------------------------------

To explore if autophagy genes other than *Fip200* regulate NSCs, we conditionally deleted the essential autophagy genes *Atg5* and *Atg16L1* using h*GFAP-Cre* transgenic mice expressing Cre in postnatal NSCs, as described previously ([@bib65]; [@bib56]). We found that *Atg5*^f/f^*;*h*GFAP-Cre* (designated *Atg5^GFAP^* cKO) and *Atg16L1*^f/f^*;*h*GFAP-Cre* (designated *Atg16L1^GFAP^* cKO) mice were born at the expected Mendelian ratio and were indistinguishable from their control littermates (*Atg5*^f/f^, *Atg5*^f/+^*;*h*GFAP-Cre*, *Atg16L1*^f/f^, and *Atg16L1*^f/+^*;*h*GFAP-Cre* mice, all designated Ctrl mice). Subventricular zone (SVZ) tissues were microdissected from Ctrl and mutant mice at postnatal day 14 (P14). Mice were pretreated with chloroquine for 7 d to inhibit LC3-II degradation, as described previously ([@bib56]). Immunoblots of lysates from the SVZs showed significantly decreased levels of Atg5 or Atg16L1 in cKO mice ([Fig. 1 A](#fig1){ref-type="fig"}). Immunofluorescent staining at P28 also showed reduced expression of Atg5 and Atg16L1 in cKO SVZ compared with controls ([Fig. 1 B](#fig1){ref-type="fig"}). Atg5 and Atg16L1 were also reduced in neurospheres derived from SVZ cells of P28 cKO mice ([Fig. 1 C](#fig1){ref-type="fig"}). Atg5 and Atg16L1 antibody specificity was verified by loss of staining in internal granular layer cells (targeted by hGFAP-Cre), but not Purkinje cells (not targeted by hGFAP-Cre), in the cerebellum of cKO mice ([Fig. S1 A](http://www.jcb.org/cgi/content/full/jcb.201507023/DC1){#supp1}). These results showed that floxed *Atg5* and *Atg16L1* were efficiently deleted in NSCs in the SVZ of cKO mice.

![**Atg5 and Atg16L1 deletion causes deficient autophagy and mitochondria accumulation in postnatal NSCs.** (A) Lysates were extracted from the SVZ of P14 Ctrl, *Atg5^GFAP^* cKO, and *Atg16L1^GFAP^* cKO mice treated with chloroquine for 7 d and analyzed by immunoblot to detect Atg5 (left), Atg16L1 (right), LC3, p62, and Vinculin. The asterisk on the right marks a band detected by anti-Atg16L1 antibody either nonspecifically or as a Atg16L1 degradation product in some samples. (B and C) Atg5, Atg16L1, and DAPI immunofluorescence in the SVZ (B; *n* = 3 mice each) and neurospheres (C) from Ctrl, *Atg5^GFAP^* cKO, and *Atg16L1^GFAP^* cKO SVZ cells at P28. (D) LC3 and DAPI immunofluorescence in neurospheres from Ctrl, *Atg5^GFAP^* cKO, and *Atg16L1^GFAP^* cKO SVZ cells at P28. Boxed areas show more detail for LC3 puncta. LC3 puncta number per nuclei (mean ± SEM) are graphed on the right (*n* = 3 mice each, \>300 cells from three mice). (E) TEM of mitochondria (examples marked by arrows) in Ctrl, *Atg5^GFAP^* cKO and *Atg16L1^GFAP^* cKO SVZ tissues at P28. Mitochondria number per nuclei (mean ± SEM; *n* = 2 mice each, \>30 cells from each mouse). (F) Total (MitoTracker Green) and functional (MitoTracker Red) mitochondria by FACS analysis of dissociated neurospheres cells from Ctrl, *Atg5^GFAP^* cKO, and *Atg16L1^GFAP^* cKO SVZ at P28 (*n* = 3 mice each). (G) Dysfunctional mitochondria were evaluated by the percentage of cells with decreased ratios of MitoTracker Red to MitoTracker Green (*n* = 2 mice each). E, ependymal layer; LV, lateral ventricle; N, nuclei; ST, striatum. Bars: (B and C) 30 µm; (D and insets) 6 µm; (E) 1 µm. \*\*, P \< 0.01; \*\*\*, P \< 0.001.](JCB_201507023_Fig1){#fig1}

Consistent with their essential roles in LC3 lipidation and autophagosome formation ([@bib12]; [@bib39]), Atg5- and Atg16L1-deficient SVZ cells showed reduced LC3-I to LC3-II conversion and increased p62 accumulation compared with controls ([Fig. 1 A](#fig1){ref-type="fig"}). LC3 puncta number was also decreased in neurospheres from the mutant mice ([Fig. 1 D](#fig1){ref-type="fig"}). LC3 puncta number in neurospheres was low compared with other cells because of a low cytoplasmic-to-nuclear volume in NSCs in 3D culture. As autophagy is required for mitochondria clearance in various cells, including NSCs ([@bib56]), we examined mitochondria in SVZ cells of cKO mice. Similar to *Fip200^hGFAP^* cKO mice, the number of mitochondria per nuclei at P28 by transmission electron microscopy (TEM) increased in cKO mice (15 ± 1 for both) compared with Ctrl mice (9 ± 1; [Fig. 1 E](#fig1){ref-type="fig"}). Dissociated neurosphere cell labeling with MitoTracker Green or MitoTracker Red followed by FACS showed that both total and functional mitochondria were increased in cells from *Atg5^GFAP^* and *Atg16L1^GFAP^* cKO mice ([Fig. 1 F](#fig1){ref-type="fig"}). We gated for cells with increased dysfunctional mitochondria (those with a low ratio of functional to total mitochondria) as described previously ([@bib38]; [@bib58]). SVZ cells in both cKO mice showed increased dysfunctional mitochondria compared with controls ([Fig. 1 G](#fig1){ref-type="fig"}). These results demonstrated that, like *Fip200* deletion, *Atg5* or *Atg16L1* deletion leads to defective autophagy and increased functional and dysfunctional mitochondria mass in postnatal NSCs.

*Atg5*, *Atg16L1*, or *Atg7* loss does not affect NSC maintenance or differentiation {#s04}
------------------------------------------------------------------------------------

To determine if impaired autophagy affects postnatal NSCs, we examined the SVZ and dentate gyrus (DG) in *Atg5^GFAP^* cKO and *Atg16L1^GFAP^* cKO mice at P28. Surprisingly, histological analysis showed apparently normal SVZ and DG width and cellularity in the mutant mice ([Fig. 2, A and B](#fig2){ref-type="fig"}). This was in sharp contrast to the significant degeneration of these areas in *Fip200^GFAP^* cKO mice ([@bib56]). Analysis with several lineage markers (GFAP^+^Nestin^+^, GFAP^+^SOX2^+^) showed both cKO mice contained similar numbers of NSCs as controls in the SVZ ([Fig. 2, C and D](#fig2){ref-type="fig"}) and DG (Fig. S1, B and C). Consistent with the normal NSC morphology and number, we did not observe changes in cell proliferation or apoptosis in the SVZ ([Fig. 2, E and F](#fig2){ref-type="fig"}) or DG (Fig. S1, D and E) of either cKO mice relative to Ctrls. Unlike *Fip200^GFAP^* cKO mice ([@bib56]), GFAP^+^Nestin^−^ or GFAP^+^SOX2^−^ cells were not increased in the SVZ ([Fig. 2, C and D](#fig2){ref-type="fig"}) or DG (Fig. S1, B and C) of either cKO mice. Comparable levels of neuroblasts and mature neurons were detected in the SVZ ([Fig. 2 G](#fig2){ref-type="fig"}), rostral migratory stream (RMS), DG (Fig. S1, F and G), and olfactory bulb (OB; not depicted) of cKO and control mice. In vitro neurosphere formation also showed comparable numbers and size of primary and secondary neurospheres from cKO and control mice at P28 ([Fig. 2 H](#fig2){ref-type="fig"}).

![**Postnatal NSC pool and neurogenesis are intact in *Atg5^GFAP^* cKO and *Atg16L1^GFAP^* cKO mice.** (A and B) H&E staining of SVZ (A) and DG (B) from Ctrl, *Atg5^GFAP^* cKO, and *Atg16L1^GFAP^* cKO mice at P28. Dotted lines indicate the SVZ and DG boundaries. SVZ cellularity (mean ± SEM; A) and DG area (B) per section from different mice (*n* = 4 mice each). (C and D) Immunofluorescence for GFAP, Nestin (C), SOX2 (D), and DAPI in Ctrl, *Fip200^GFAP^* cKO, *Atg5^GFAP^* cKO, and *Atg16L1^GFAP^* cKO SVZ at P28. Mean ± SEM of GFAP+ and Nestin+ (C) and GFAP+ and Sox2+ (D) cell number per SVZ section (*n* = 3 mice each). (E and F) Immunofluorescence for Ki67 and DAPI (E) and TUNEL and DAPI (F) in Ctrl, *Fip200^GFAP^* cKO, *Atg5^GFAP^* cKO, and *Atg16L1^GFAP^* cKO SVZ and RMS at P28. Arrows mark examples of TUNEL+ cells in insets. Mean ± SEM of the Ki67+ (E) and TUNEL+ (F) cell number per SVZ section (*n* = 3 mice each). (G) Immunofluorescence for DCX and DAPI in Ctrl, *Fip200^GFAP^* cKO, *Atg5^GFAP^* cKO, and *Atg16L1^GFAP^* cKO SVZ and RMS at P28. Mean ± SEM of DCX+ cell number per SVZ section (*n* = 3 mice each). (H) Mean ± SEM of the number and size of primary and secondary neurospheres from Ctrl, *Atg5^GFAP^* cKO and *Atg16L1^GFAP^* cKO mice at P28 (*n* = 3 mice each). CC, corpus callosum; E, ependymal layer; LV, lateral ventricle; ST, striatum. Bars: (A and B) 100 µm; (C--G and insets) 40 µm. \*, P \< 0.05; \*\*\*, P \< 0.001; NS, not significant.](JCB_201507023_Fig2){#fig2}

As *Fip200^GFAP^* cKO mice showed gradual depletion of NSCs at P28 but apparently normal NSCs at P0, we wondered if prolonged blockage of autophagy in *Atg5^GFAP^* cKO or *Atg16L1^GFAP^* cKO mice could lead to NSC defects in older mice. To test this possibility, we examined *Atg16L1^GFAP^* cKO and control mice at P90. We did not find obvious differences in histology, the number of NSCs, neuroblasts, or mature neurons between *Atg16L1^GFAP^* cKO and control mice at P90 (Fig. S1, H--L). These results suggest that although Atg5, Atg16L1, and Fip200 are all required for autophagy, deletion of Atg5 or Atg16L1, unlike deletion of Fip200, does not affect NSC self-renewal or differentiation.

The differential role of Fip200 versus Atg5 and Atg16L1 appears to be specific to NSCs, given the previous findings of a similar cerebellar ataxia phenotype in nestin-Cre Atg5 and Fip200 cKO mice ([@bib10]; [@bib29]). Consistent with previous studies, we saw elevated apoptosis in the cerebellar granule neurons of *Atg5^GFAP^* cKO, *Atg16L1^GFAP^* cKO, and *Fip200^GFAP^* cKO mice (Fig. S1 M), indicating a requirement for all these autophagy genes to maintain neuron survival. We also analyzed the inducible deletion of *Atg7* in NSCs in adult mice using *Ubc-CreERT2*/^+^*;Atg7*^f/f^ mice ([@bib17]). At 5 wk after *Atg7* deletion induced by tamoxifen, the mice showed a cerebellar ataxia phenotype similar to nestin-Cre--induced neural-specific *Atg7, Atg5*, or *Fip200* cKO mice reported previously ([@bib10]; [@bib22]; [@bib29]; [@bib17]). However, the mutant mice with *Atg7* deletion did not show defects in SVZ, changes in NSC number, or neuronal progenies (Fig. S1, H--L). Our results suggest a distinct role of Fip200, but not *Atg5*, *Atg16L1*, or *Atg7*, in postnatal NSC maintenance and differentiation, despite the fact that all four genes are required for neuronal functions in the brain.

Lack of accumulation and aggregation of p62 in NSCs of *Atg5^GFAP^* cKO and *Atg16L1^GFAP^* cKO mice {#s05}
----------------------------------------------------------------------------------------------------

Abnormal p62 aggregate accumulation follows autophagy inhibition in different cell types ([@bib23]; [@bib36]; [@bib57]). To study the mechanisms of the different effects of autophagy gene deletion in NSCs, we examined p62 aggregates in NSCs and other brain regions of our cKO mice to understand the different effects of autophagy gene deletion in NSCs. Many p62 aggregates were found in *Fip200^GFAP^* cKO mice ([Fig. 3 A](#fig3){ref-type="fig"}), as described previously ([@bib56]). Surprisingly, few p62 aggregates were detected in the SVZ of *Atg5^GFAP^* cKO or *Atg16L1^GFAP^* cKO mice, although Atg5 and Atg16L1 are required for autophagy. Ubiquitin-positive protein aggregates were only detected in Fip200-deficient, but not Atg5- or Atg16L1-deficient, SVZ cells ([Fig. S2 A](http://www.jcb.org/cgi/content/full/jcb.201507023/DC1){#supp2}). p62 staining was present throughout the hippocampus in *Atg5^GFAP^* cKO, *Atg16L1^GFAP^* cKO, and *Fip200^GFAP^* cKO mice ([Fig. 3 B](#fig3){ref-type="fig"}). In the DG, fewer p62 aggregates were found in *Atg5^GFAP^* cKO and *Atg16L1^GFAP^* cKO mice in both the granular zone (GZ) and subgranular zone (SGZ) compared with *Fip200^GFAP^* cKO mice ([Fig. 3 C](#fig3){ref-type="fig"}). However, p62 aggregates were detected for all three mutant mice in cornu ammonis regions 1--3 of the hippocampus, with larger p62 aggregates in the pyramidal neurons in these region of *Atg5^GFAP^* cKO and *Atg16L1^GFAP^* cKO mice than in *Fip200^GFAP^* cKO mice ([Fig. 3 D](#fig3){ref-type="fig"}). p62 aggregation number and size were comparable among *Fip200^GFAP^* cKO, *Atg5^GFAP^* cKO, and *Atg16L1^GFAP^* cKO mice in other neuron-enriched regions such as cerebral cortex ([Fig. 3 E](#fig3){ref-type="fig"}) and IGL of the cerebellum (Fig. S2 B). Double staining for p62 and NeuN verified that the majority of p62 aggregates were localized in NeuN^+^ neurons in the cerebral cortex ([Fig. 3 E](#fig3){ref-type="fig"}). These results suggest that unlike brain regions that are enriched with mature neurons, the SVZ and DG, where NSCs reside, contain significantly more p62 aggregates in *Fip200^GFAP^* cKO mice than in *Atg5^GFAP^* cKO or *Atg16L1^GFAP^* cKO mice.

![**Differential p62 aggregation in postnatal NSCs of *Fip200^GFAP^* cKO mice, but not *Atg5^GFAP^* cKO and *Atg16L1^GFAP^* cKO mice.** Immunofluorescence of p62 and DAPI in brain regions of Ctrl, *Fip200^GFAP^* cKO, *Atg5^GFAP^* cKO, and *Atg16L1^GFAP^* cKO mice at P28 (A--E) and in neurospheres from SVZ cells of these mice (F). E includes staining for NeuN. Dotted lines indicate the boundaries of the SVZ (A), GZ (C), and CA1 (D). Boxed areas in A show more detail, and p62^+^ aggregates are marked by arrows. Boxed areas in B show more detail in C. p62 aggregate number per cell (mean ± SEM; *n* = 3 mice each, \>150 cells per mouse counted for graphs on the right). CA1-CA3, cornu ammonis regions 1--3; LV, lateral ventricle; ML, molecular layer; ST, striatum. Bars: (A and insets) 15 µm, (B) 100 µm; (C--F) 50 µm. \*\*\*, P \< 0.001; NS, not significant.](JCB_201507023_Fig3){#fig3}

We then analyzed neurospheres derived from SVZ cells of mutant mice. Consistent with our observations in vivo, we detected increased p62 aggregates only in neurospheres derived from SVZ cells of *Fip200^GFAP^* cKO mice, but not from *Atg5^GFAP^* cKO or *Atg16L1^GFAP^* cKO mice ([Fig. 3 F](#fig3){ref-type="fig"}). Similar levels of aggregate accumulation were found for two other autophagy adaptors, NBR1 ([@bib19]) and TAX1BP1 ([@bib43]), in neurospheres derived from all three mutant mice (Fig. S2, C and D). We also found p62 and Nbr1 aggregates colocalized in Fip200 cKO neurospheres (Fig. S2 E). These results suggest that p62 accumulation may contribute to the defective NSC phenotypes in *Fip200^GFAP^* cKO mice.

p62 deletion rescues NSC defects in *Fip200^GFAP^* cKO mice {#s06}
-----------------------------------------------------------

To directly assess the role of p62 aggregates in NSC defects of *Fip200^GFAP^* cKO mice, we generated double conditional KO mice with deletion of *Fip200* and *p62* (*Fip200*^f/f^*;p62*^−/−^*;*h*GFAP-Cre*; designated 2cKO) by crossing *Fip200^GFAP^* cKO and *p62*^−/−^ mice (designated p62 KO; [@bib23]). Histological analysis showed that p62 KO mice had normal SVZ and DG regions compared with control mice. The low SVZ cellularity and DG area of *Fip200^GFAP^* cKO mice was rescued in 2cKO mice ([Fig. 4, A and B](#fig4){ref-type="fig"}). The decreased pool of NSCs in the SVZ ([Fig. 4, C and D](#fig4){ref-type="fig"}) and DG ([Fig. S3, A and B](http://www.jcb.org/cgi/content/full/jcb.201507023/DC1){#supp3}) of *Fip200^GFAP^* cKO mice was restored in 2cKO mice to levels comparable to Ctrl mice ([Fig. 4, C and D](#fig4){ref-type="fig"}; and Fig. S3, A and B). The NSC increase was confirmed by BrdU retention in the SVZ ([Fig. 4 E](#fig4){ref-type="fig"}) and DG (Fig. S3 C) of 2cKO mice. p62 immunostaining verified that elevated p62 levels in the SVZ ([Fig. 4 F](#fig4){ref-type="fig"}) and DG (Fig. S3 D) of *Fip200^GFAP^* cKO mice was abolished in the 2cKO mice.

![**p62 KO rescues the maintenance and differentiation defects of Fip200-null NSCs in vivo.** (A) H&E staining of SVZ and hippocampus from *FIP^GFAP^* cKO and 2cKO mice at P28. Dotted lines indicate boundaries of SVZ and DG (*n* = 4 mice each). (B) Mean ± SEM of SVZ cellularity (left) and DG area (right) per section from Ctrl, *FIP^GFAP^* cKO, 2cKO, and p62 KO mice at P28. (C and D) Immunofluorescence for GFAP, Nestin (C), SOX2 (D), and DAPI in SVZ from Ctrl, *Fip200^GFAP^* cKO, 2cKO, and p62 KO mice at P28. Mean ± SEM of GFAP+ and Nestin+ (C) and GFAP+ and Sox2+ (D) cell number per SVZ section (*n* = 4 mice each). (E) Immunofluorescence of long-term retained BrdU and DAPI in Ctrl, *Fip200^GFAP^* cKO, 2cKO, and p62 KO SVZ at P28. Mean ± SEM of BrdU+ cell number per SVZ section (*n* = 4 mice each). (F and G) Immunofluorescence for p62 and DAPI (F; *n* = 3 mice each) and TUNEL and DAPI (G) in SVZ of Ctrl, *Fip200^GFAP^* cKO, 2cKO, and p62 KO mice at P28. Mean ± SEM of TUNEL+ cells per 100 SVZ cells (G, *n* = 4 mice each, \>1,000 cells per mouse). (H and I) Immunofluorescence of Nestin, GFAP, and short-term labeled BrdU in Ctrl, *Fip200^GFAP^* cKO, 2cKO, and p62 KO SVZ at P28. Mean ± SEM of the percentage of GFAP^+^Nestin^+^BrdU^+^ to total GFAP^+^Nestin^+^ cells (H) or total BrdU^+^ cells (I) per section (*n* = 5 mice each). (J and K) Immunofluorescence for Nestin, GFAP, and Ki67 in Ctrl, *Fip200^GFAP^* cKO, 2cKO, and p62 KO SVZ at P28. Mean ± SEM of the percentage of GFAP^+^Nestin^+^Ki67^+^ to total GFAP^+^Nestin^+^ cells (J) or total Ki67^+^ cells (K) per section (*n* = 5 mice each). (L and M) Immunofluorescence for DCX in SVZ (L) and NeuN in olfactory bulb (M) in Ctrl, *Fip200^GFAP^* cKO, 2cKO and p62 KO mice at P28. Mean ± SEM of DCX^+^ cells per section (L) and NeuN^+^ cells per square millimeter (M; *n* = 4 mice each). Dotted lines indicate the boundaries of SVZ (C--G). CC, corpus callosum; E, ependymal layer; LV, lateral ventricle; OB, olfactory bulb; RMS, rostral migratory stream; ST, striatum. Bars: (A, E, and G and insets) 50 µm; (C, D, and insets) 25 µm; (F and insets) 15 µm. \*, P \< 0.05; \*\*, P \< 0.01; \*\*\*, P \< 0.001.](JCB_201507023_Fig4){#fig4}

Our previous studies showed that NSC gradual depletion was caused by both increased apoptosis and reduced proliferation in *Fip200^GFAP^* cKO mice ([@bib56]). Increased apoptotic cells in the SVZ ([Fig. 4 G](#fig4){ref-type="fig"}) and DG (Fig. S3 E) of *Fip200^GFAP^* cKO mice was restored to levels comparable to controls in 2cKO mice. The reduced proliferation of NSCs was also rescued in the SVZ ([Fig. 4, H and I](#fig4){ref-type="fig"}) and DG (Fig. S3, F and G) in 2cKO mice. Similar results were obtained when proliferation was measured by Ki67 labeling in both the SVZ ([Fig. 4, J and K](#fig4){ref-type="fig"}) and DG (Fig. S3, H and I). In addition to the gradual loss of NSCs, *Fip200^GFAP^* cKO mice exhibited defective neurogenesis. This phenotype was not rescued by p53 ablation that restored NSC number by rescue of the aberrant proliferation and apoptosis phenotypes ([@bib56]). It was rescued by p62 deletion of defective neurogenesis, measured by both the neuroblast number in the SVZ ([Fig. 4 L](#fig4){ref-type="fig"}) and DG (Fig. S3 J) and the number of mature neurons in the OB ([Fig. 4 M](#fig4){ref-type="fig"}) and DG (Fig. S3 K). These results suggest that accumulated p62 aggregate removal by p62 ablation rescued defective NSC maintenance and neurogenesis in *Fip200^GFAP^* cKO mice.

We next examined SVZ cells from mutant mice for neurosphere formation in vitro. Consistent with previous findings ([@bib56]), SVZ cells from P28 *Fip200^GFAP^* cKO mice exhibited significantly decreased neurosphere formation in both primary and secondary cultures ([Fig. 5, A and B](#fig5){ref-type="fig"}). p62 deletion alone did not affect SVZ cell neurosphere formation; the number and size of neurospheres formed by SVZ cells of 2cKO mice were comparable to control mice, supporting the idea that p62 deletion rescued the Fip200-null NSCs self-renewal defect. Increased apoptosis in neurospheres from *Fip200^GFAP^* cKO mice was abolished in neurospheres from 2cKO mice ([Fig. 5 C](#fig5){ref-type="fig"}). The Fip200-null NSC reduced proliferation was also restored in 2cKO mice, as measured by Ki67 staining ([Fig. 5 D](#fig5){ref-type="fig"}) or BrdU incorporation assay (unpublished data). The accumulated p62 aggregates in Fip200-null NSCs were eliminated in neurospheres derived from 2cKO mice ([Fig. 5 E](#fig5){ref-type="fig"}). However, defective autophagy in these cells was not affected. LC3 puncta were found in neurospheres from both *Fip200^GFAP^* cKO and 2cKO mice at lower levels compared with Ctrl or p62 KO mice ([Fig. 5 F](#fig5){ref-type="fig"}). The increased accumulation of autophagy adaptors TAX1BP1 and NBR1 was not reversed in neurospheres from 2cKO mice relative to *Fip200^GFAP^* cKO mice ([Fig. 5, G and H](#fig5){ref-type="fig"}). Deletion of p62 alone or in Fip200-null NSCs did not affect expression of Fip200 ([Fig. 5 I](#fig5){ref-type="fig"}). These results support the idea that accumulated p62 aggregates (but not other adaptors TAX1BP1 or NBR1) are responsible for the defective NSC phenotypes in *Fip200^GFAP^* cKO mice. These results also suggest that increased p62 aggregates act downstream of Fip200 loss--induced autophagy deficiency to cause the defective NSC phenotypes.

![**Defective self-renewal of Fip200-deficient NSCs in vitro restored by p62 KO.** (A) Primary (first) and secondary (second) neurosphere formation from Ctrl, *Fip200^GFAP^* cKO, 2cKO, and p62 KO mice at P28. Representative phase contrast images. (B) Mean ± SEM of the number and size of primary and secondary neurospheres (*n* = 3 mice each). (C and D) Mean ± SEM of the percentage of TUNEL^+^ (C) and Ki67^+^ (D) cells in neurospheres from Ctrl, *Fip200^GFAP^* cKO, 2cKO, and p62 KO mice at P28 by immunofluorescence (*n* = 3 mice each, \>500 cells per mouse). (E--H) Immunofluorescence of p62 (E), LC3 (F), TAX1BP1 (G), NBR1 (H), Fip200 (I), and DAPI in neurospheres from Ctrl, *Fip200^GFAP^* cKO, 2cKO, and p62 KO mice at P28. Mean ± SEM of p62 aggregates (E), LC3 puncta (F), TAX1BP1 aggregates (G), and NBR1 aggregates (H) per neurosphere cell. Boxed areas in F show more detail for LC3 puncta, marked by arrows in insets (*n* = 3 mice each, \>200 cells from Ctrl, 2cKO, and p62 KO mice; 87 cells for *Fip200^GFAP^* cKO mouse). Bars: (A) 100 µm; (E--I and F and insets) 20 µm. \*\*, P \< 0.01; \*\*\*, P \< 0.001; NS, not significant.](JCB_201507023_Fig5){#fig5}

Increased O~2~^•−^, but not abnormal mitochondria accumulation alone, leads to defective NSCs in *Fip200^GFAP^* cKO mice {#s07}
------------------------------------------------------------------------------------------------------------------------

In addition to accumulated p62 aggregates, increased mitochondria mass observed in *Fip200^GFAP^* cKO mice could contribute to the aberrant ROS increase responsible for defective NSC maintenance and differentiation in these mice ([@bib56]). We examined mitochondria content in neurospheres derived from mutant mice SVZ cells. Consistent with previous observations by TEM ([@bib56]), we found elevated total and functional mitochondria in *Fip200^GFAP^* cKO SVZ cells compared with control mice using MitoTracker Green and MitoTracker Red, respectively ([Fig. 6 A](#fig6){ref-type="fig"}). Total and functional mitochondria in 2cKO SVZ cells of were also elevated to a high level, like *Fip200^GFAP^* cKO SVZ cells. p62 deletion alone did not affect mitochondria relative to Ctrl NSCs. Fip200 cKO and 2cKO SVZ cells also showed similar increased dysfunctional mitochondria compared with Ctrl and p62 KO cells ([Fig. 6 B](#fig6){ref-type="fig"}). We then directly examined mitochondria in SVZ tissues by TEM. Similar to our findings in vitro, p62 deletion did not reverse the increased number of mitochondria caused by Fip200 deletion. Both 2cKO and *Fip200^GFAP^* cKO mice displayed comparable increases in mitochondria compared with p62 KO and Ctrl mice ([Fig. 6 C](#fig6){ref-type="fig"}). These results suggest that p62 accumulation of aggregates and increase in mitochondria mass were independent events downstream of Fip200 deletion. The results also indicate that abnormal mitochondria accumulation alone in 2cKO, *Atg5^GFAP^* cKO, and *Atg16L1^GFAP^* cKO mice was insufficient to cause NSC defects ([Fig. 1, E--G](#fig1){ref-type="fig"}).

![**p62 aggregates increase O~2~^•−^ accumulation in *Fip200^GFAP^* cKO NSCs.** (A) FACS analysis of total (MitoTracker Green) and functional (MitoTracker Red) mitochondria in dissociated cells from neurospheres from Ctrl, *Fip200^GFAP^* cKO, 2cKO, and p62 KO SVZ of mice at P28. (B) Dysfunctional mitochondria were evaluated by the percentage of cells with decreased ratios of MitoTracker Red to MitoTracker Green (*n* = 2 mice each). (C) TEM of mitochondria from Ctrl, *Fip200^GFAP^* cKO, 2cKO, and p62 KO in SVZ at P28. Arrows indicate mitochondria. Mean ± SEM of the mitochondria number per nuclei (*n* = 2 mice each, \>30 cells per mouse). (D) Fluorescence of DHE and DAPI in Ctrl, *Fip200^GFAP^* cKO, 2cKO, and p62 KO SVZ at P28. Arrows indicate SVZ cells (*n* = 3 mice each). (E and F) FACS of DHE (E) and DCFDA (F) in dissociated neurosphere cells of Ctrl, *Fip200^GFAP^* cKO, 2cKO, and p62 KO mice at P28. (G) Fluorescence of DHE and DAPI in Ctrl, *Atg5^GFAP^* cKO, and *Atg16L1^GFAP^* cKO SVZ at P28. Arrows indicate SVZ cells (*n* = 3 mice each). (H) FACS of DHE (left) and DCFDA (right) in dissociated neurosphere cells of Ctrl, *Atg5^GFAP^* cKO, and *Atg16L1^GFAP^* cKO mice at P28. E, ependymal layer; LV, lateral ventricle; N, nucleus; ST, striatum. Bars: (C) 1 µm; (D and G) 50 µm. \*\*\*, P \< 0.001; NS: not significant.](JCB_201507023_Fig6){#fig6}

The lack of rescue of the increased mitochondria mass was surprising, as this was proposed as the cause of increased ROS and defective *Fip200^GFAP^* cKO NSCs ([@bib56]). We directly examined the mutant mice SVZ and DG for ROS levels by dihydroethidium (DHE) staining. We found that the ROS aberrant increase in *Fip200^GFAP^* cKO SVZ ([Fig. 6 D](#fig6){ref-type="fig"}) and DG (Fig. S3 L) was reversed in 2cKO mice, although the increased mitochondria mass was not reversed. These results were consistent with our previous studies demonstrating a critical contribution of increased ROS to the defective maintenance and differentiation of Fip200-null NSCs ([@bib56]). However, the results also raised questions about the cause of increased ROS. We then analyzed dissociated cells from neurospheres for ROS by labeling with DHE (O~2~^•−^) and DCFDA (H~2~O~2~), followed by FACS analysis. Consistent with SVZ tissues, O~2~^•−^ was increased in *Fip200^GFAP^* cKO neurosphere cells and rescued in 2cKO neurosphere cells to levels comparable to Ctrl and p62 KO neurospheres ([Fig. 6 E](#fig6){ref-type="fig"}). Contrary to our expectation, a significant decrease in H~2~O~2~ was seen in *Fip200^GFAP^* cKO neurosphere cells compared with control and p62 KO ([Fig. 6 F](#fig6){ref-type="fig"}). The decreased H~2~O~2~ content was recovered in 2cKO neurospheres cells. No differences in the levels of O~2~^•−^ and H~2~O~2~ for Atg5 and Atg16L1 cKO mice compared with Ctrl mice was seen ([Fig. 6, G and H](#fig6){ref-type="fig"}). These results suggested that elevated O~2~^•−^ was responsible for defective NSC maintenance and differentiation in *Fip200^GFAP^* cKO mice. They also suggested that aberrantly increased O~2~^•−^ may be caused by a failure of O~2~^•−^ conversion into H~2~O~2~.

Restored cytoplasmic activity of SOD1 eliminates elevated O~2~^•−^ and rescues defective *Fip200^GFAP^* cKO NSCs {#s08}
----------------------------------------------------------------------------------------------------------------

To explore the mechanisms of decreased conversion from O~2~^•−^ to H~2~O~2~, we examined the expression of cytoplasmic SOD1 and nuclear SOD2 in mitochondria ([@bib35]) in SVZ of mutant mice. Immunoblot analysis verified that Fip200 was completely deleted in *Fip200^GFAP^* cKO and 2cKO SVZ ([Fig. 7 A](#fig7){ref-type="fig"}). SOD1 expression was increased in *Fip200^GFAP^* cKO compared with Ctrls, slightly increased in 2cKO, and unchanged in p62 KO mice. No significant change in the expression of SOD2 was found in any mutant mice. Because NSCs are mainly localized in the boundaries of the SVZ with the lateral ventricle (LV) but the lysates in the analysis were from whole SVZ, we examined SOD expression in the SVZ directly by immunofluorescence. We found SOD1 highly expressed in cells lining the lateral wall of the SVZ in Ctrl mice, and mainly in cytoplasm ([Fig. 7 B](#fig7){ref-type="fig"}, top row). In *Fip200^GFAP^* cKO mice, SOD1 was detected both in this region and in the striatum of the SVZ ([Fig. 7 B](#fig7){ref-type="fig"}, row 2) and was almost exclusively localized in nuclei. Both the preferred expression of SOD1 in SVZ cells adjacent to the LV (the location of NSCs for neurospheres) and the cytoplasmic location of SOD1 were restored in 2cKO SVZ ([Fig. 7 B](#fig7){ref-type="fig"}, row 3). SOD1 in p62 KO showed similar distribution patterns as Ctrl mice ([Fig. 7 B](#fig7){ref-type="fig"}, row 4). No differences in the expression or subcellular localization of SOD2 were found in mutant mice relative to Ctrl mice (Fig. S3 M). These results suggest that Fip200 deletion and p62 aggregate accumulation kept cytoplasmic SOD1 in NSCs from translocation to the nucleus. This may be responsible for the lack of O~2~^•−^ conversion to H~2~O~2~ and the defective phenotypes in *Fip200^GFAP^* cKO mice.

![**p62 aggregates alter expression pattern of SOD1 localization in the cytoplasm of NSCs of *Fip200^GFAP^* cKO mice.** (A) Lysates were extracted from SVZ of P28 Ctrl, *Fip200^GFAP^* cKO, 2cKO, and p62 KO mice and analyzed by immunoblot. (B) Confocal images for Nestin, SOD1, and DAPI in SVZ from Ctrl, *Fip200^GFAP^* cKO, 2cKO, and p62 KO mice at P28. Boxed areas in the third column show detail for SOD1 and Nestin in the right column. Bars: (left two columns) 50 µm; (right two columns) 5 µm.](JCB_201507023_Fig7){#fig7}

To test this hypothesis directly, we used two SOD mimetics, EUK-8 and EUK-134, which have been used extensively to rescue CNS phenotypes caused by increased O~2~^•−^ ([@bib16]; [@bib37]). After daily treatment with EUK-8 or EUK-134 for 21 d, starting at P7, elevated O~2~^•−^ in *Fip200^GFAP^* cKO SVZ ([Fig. 8 A](#fig8){ref-type="fig"}) and DG ([Fig. S4 A](http://www.jcb.org/cgi/content/full/jcb.201507023/DC1){#supp4}) was restored to Ctrl levels. Treatment of Ctrl mice with the same doses of EUK-8 or EUK-134 did not affect O~2~^•−^ levels in these regions (unpublished data). The elimination of aberrant O~2~^•−^ with EUK-8 or EUK-134 returned decreased SVZ cellularity ([Fig. 8 B](#fig8){ref-type="fig"}) and DG area (Fig. S4 B) of *Fip200^GFAP^* cKO mice to Ctrl-mice levels. It also rescued the pool of NSCs as measured by double positivity for GFAP^+^Nestin^+^ or GFAP^+^SOX2^+^ ([Fig. 8, C and D](#fig8){ref-type="fig"}), the number of proliferative NSCs as either a fraction of total Ki67^+^ or total GFAP^+^Nestin^+^ cells ([Fig. 8, E and F](#fig8){ref-type="fig"}) and reverted the increased *Fip200^GFAP^* cKO SVZ apoptotic cells ([Fig. 8 G](#fig8){ref-type="fig"}). Similar results were obtained in the DG (Fig. S4, C--G). EUK-8 or EUK-134 treatment rescued *Fip200^GFAP^* cKO defective neurogenesis in SVZ ([Fig. 8, H and I](#fig8){ref-type="fig"}) and DG (Fig. S4, H and I). Similar treatment of Ctrl mice with EUK-8 or EUK-134 did not affect SVZ cellularity, DG area, NSC pool, or any NSC activity ([Fig. 8, B--I](#fig8){ref-type="fig"}; and Fig. S4, B--I). These results show that deficient cytoplasmic SOD1 activity linked to p62 aggregates upon Fip200 deletion is responsible for the aberrant accumulation of O~2~^•−^ and consequent defects of NSC maintenance and differentiation in *Fip200^GFAP^* cKO mice.

![**SOD mimetics EUK-8 and EUK-134 restore normal O~2~^•−^ levels and rescue defective NSCs in *Fip200^GFAP^* cKO mice.** (A--I) Ctrl and *Fip200^GFAP^* cKO mice at P28 were treated with vehicle, EUK-8, or EUK-134. (A) DHE and DAPI fluorescence in SVZ. Arrows indicate SVZ cells. Dotted lines indicate the boundaries of the SVZ (*n* = 4 mice each). (B) Mean ± SEM of SVZ cellularity per section (*n* = 3 mice each). (C and D) Mean ± SEM of GFAP^+^Nestin^+^ (C) and GFAP^+^SOX2^+^ (D) cells per section (*n* = 4 mice each). (E and F) Mean ± SEM of the percentage of GFAP^+^Nestin^+^Ki67^+^ to total Ki67^+^ cells (E) or total GFAP^+^Nestin^+^ cells (F) in SVZ (*n* = 4 mice each). (G--I) Mean ± SEM of TUNEL^+^ (G) or DCX^+^ (H) cells per SVZ section and NeuN^+^ cells in the OB per square millimeter (I) of mice (*n* = 4 mice each). E, ependymal layer; LV, lateral ventricle; ST, striatum. Bars, 50 µm. \*, P \< 0.05; \*\*, P \< 0.01; \*\*\*, P \< 0.001. (J) A working model of differential p62 aggregate formation and O~2~^•−^ accumulation by deletion of *Fip200*, but not *Atg5*, *Atg16L1*, or *Atg7*, leading to defective neural stem cell maintenance and differentiation.](JCB_201507023_Fig8){#fig8}

Discussion {#s09}
==========

Autophagy requires a set of core genes to produce the ULK1-Atg13-Fip200-Atg101 and Beclin1-Atg14L1-Vps34 protein complexes for the induction and initiation of autophagosomes, and two ubiquitin-like conjugation systems, Atg12-Atg5-Atg16L1 and Atg8, for autophagosome elongation ([@bib12]; [@bib40]; [@bib18]). Many studies show each of these genes is essential for efficient autophagy, but accumulating evidence suggests additional nonoverlapping functions for them in vivo ([@bib40]; [@bib3]). The challenge in autophagy research is to determine whether changes in biological processes upon deletion of autophagy genes are caused by disruption of autophagy, autophagy blockage at different stages, or the loss of other nonautophagy functions of these genes ([@bib3]). In this study, we generated cKO mice to study autophagy genes with autophagy induction (Fip200) and autophagosome elongation functions (Atg5, Atg7, and Atg16L1) in postnatal NSCs. We found that, unlike Fip200, ablation of Atg5, Atg16L1, or Atg7 blocked autophagy as expected but did not impair NSC maintenance and differentiation. Taking advantage of the differential outcomes in these mouse models, we demonstrated that the formation of p62 aggregates and the consequent accumulation of O~2~^•−^ by decreased cytoplasmic SOD1, not mitochondria mass increase, mediated defective NSC maintenance and differentiation upon Fip200 deletion, as summarized in our working model ([Fig. 8 J](#fig8){ref-type="fig"}).

One interpretation of our observations is that nonautophagic functions of Fip200 are crucial to the regulation of p62 protein levels, maintenance, and differentiation of NSCs. Alternatively, autophagy induction or initiation (Fip200) and autophagosome elongation (Atg5, Atg16L1, and Atg7) play different roles in the regulation of NSCs, as outlined in the working model ([Fig. 8 J](#fig8){ref-type="fig"}). Consistent with the latter hypothesis, we showed that Atg13 knockdown decreased neurosphere formation to the same extent as Fip200 knockdown in postnatal NSCs (Fig. S4, J--L). Our previous study showed Spautin-1, an autophagy inhibitor that acts by decreasing the stability of Vps34 ([@bib32]), inhibited neurospheres in vitro ([@bib56]), consistent with autophagy initiation, and may be important for postnatal NSCs. Similarly, embryonic olfactory bulb stem cells (eOBSCs) from Ambra1 (a positive regulator of the Beclin1--Atg14L1--Vps34 complex) gene trapped (*Ambra1^gt/gt^*) mice could not form neurospheres, and haploinsufficient (*Ambra1^gt/+^*) Ambra1 cells formed small neurospheres ([@bib55]). A recent study of *Beclin1^+/−^* mice also showed more apoptosis and less proliferation in the SVZ and decreased neurosphere formation ([@bib61]). Ambra1 haploinsufficiency inhibited eOBSC neuronal differentiation ([@bib55]). Although eOBSCs from Atg5 KO mice showed different neuronal defects in vitro ([@bib55]), and neurogenesis defects in cerebral cortex after *Atg5* knockdown during early brain development ([@bib34]), we did not observe impaired neuronal differentiation in postnatal DG (Fig. S1, F and G) and OB (Fig. S1 L) of mice with *Atg5*, *Atg16L1*, or *Atg7* deletion. It may be that the loss of both canonical (shared by deletion of *Atg5*, *Atg16L1*, or *Atg7*) and noncanonical (unique to Fip200 inactivation, independent of blocking its role in autophagy induction) functions trigger increased p62 protein levels, leading to defective NSC maintenance and differentiation. Future studies using similar cKO mice for Atg13, components of the Beclin1--Atg14L1--Vps34 complex, and reagents that specifically disrupt these protein complexes could directly ascertain mechanisms.

Previous studies showed that Fip200, Atg5, Atg16L1, and Atg7 are important for p62 degradation in many cell types, including neurons ([@bib39]). However, unlike other regions of the brain, p62 aggregates were detected in the SVZ and SGZ of *Fip200^GFAP^* cKO mice, but not in mice with *Atg5*, *Atg16L1*, or *Atg7* deletion. Our results demonstrated a role for p62 aggregate accumulation in defective NSCs with Fip200 deletion. p62 mRNA levels are decreased in Fip200-null neurospheres compared with Ctrls (Fig. S4 M), suggesting that p62 aggregate accumulation is caused by increased protein levels. However, eliminating p62 aggregates in 2cKO mice completely rescued the defective Fip200-null NSCs.

One explanation for increased p62 aggregates in Fip200-null NSCs may be that Atg5, Atg16L1, and Atg7 defective NSCs have turned on compensatory pathways to clear proteins. However, measurements of proteasome activities in neurospheres from Ctrl, Fip200 cKO, Atg5 cKO, and Atg16L1 cKO SVZ cells using various substrates ([@bib29]) showed comparable proteasome activities in Ctrl and cKO NSCs, with the minor exception that Atg16L1-deficient NSCs showed reduced activity when Boc-LRR aminomethylcoumarin (AMC) was used as a substrate ([Fig. S5, A--E](http://www.jcb.org/cgi/content/full/jcb.201507023/DC1){#supp5}). A compensatory increase in proteasome activity is an unlikely mechanism for the lack of p62 accumulation in Atg5 or Atg16L defective NSCs. An alternative possibility is that Fip200 may regulate p62 homeostasis through noncanonical autophagy pathways. A recent study of *Caenorhabditis elegans* embryogenesis showed that epg-7 (counterpart for Fip200) functions as a scaffold to facilitate degradation of aggregates containing SQST-1 (counterpart for p62; [@bib31]). This supports the idea that Fip200 may have a role controlling p62 aggregate formation besides its "classic" autophagy function in NSCs. A previous study reported that Atg5/7-independent autophagy still required the classical autophagy components ULK1, Fip200, and beclin1 ([@bib44]). However, close examination of TEM images in other studies suggested that the Atg12- and LC3-conjugation systems are not essential for elongation of the phagophore membranes ([@bib6]; [@bib52]; [@bib45]; [@bib20]). The observations by Nishida et al. may have been classic autophagy that requires Atg5 and Atg7 to complete (i.e., formation of closed autophagosomes). Blockage of autophagy induction or initiation led to p62 aggregate formation and ferritin clusters, whereas inhibition of autophagosome elongation by Atg5 deletion caused less accumulation of p62 in MEFs ([@bib20]). The partial autophagosomes formed in Atg5- or Atg7-null (but not Fip200-null) MEFs (or NSCs) might still mediate p62 binding and degradation by mechanisms yet to be determined (i.e., not through fusion of the intact autophagosomes with lysosomes). This is consistent with the idea that autophagy induction or initiation, but not autophagosome elongation, plays a differential role in the regulation of NSCs by p62.

Our comparative analysis of *Fip200^GFAP^* cKO mice versus *Atg5^GFAP^* cKO and *Atg16L1^GFAP^* cKO mice, adult mice with *Atg7* deletion, and 2cKO mice yielded additional mechanistic insights into the regulation of NSCs by modulating intracellular ROS levels. Although the p62--Keap1--Nrf2 axis regulating oxidative stress was well characterized in autophagy-deficient liver ([@bib24]), we did not find activation of Nrf2 in Fip200-deficient SVZ cells (Fig. S5, F--J). We cannot completely exclude the involvement of the p62--Keap1--Nrf2 axis, but our studies strongly suggest a critical role for SOD1 in the regulation of oxidative stress responses in Fip200-null NSCs. Under normal conditions, ROS is balanced by mitochondrial and cytoplasmic SODs, GPx, and catalase ([@bib63]). Several lines of evidence showed that deficient SODs, rather than mitochondria accumulation, are responsible for increased O~2~^•−^ leading to *Fip200^GFAP^* cKO defective NSCs. Increased O~2~^•−^ was observed in the SVZ and SGZ of *Fip200^GFAP^* cKO mice, but not *Atg5^GFAP^* cKO or *Atg16L1^GFAP^* cKO mice without NSC defects, although all mutant mice showed increased mitochondria mass. Decreased H~2~O~2~ levels were found in isolated *Fip200^GFAP^* cKO SVZ cells, consistent with reduced SOD activity. Increased O~2~^•−^ and decreased H~2~O~2~, but not mitochondria accumulation, were rescued by p62 ablation concomitant with the restoration of NSC maintenance and differentiation in 2cKO mice. Treatment of *Fip200^GFAP^* cKO mice with SOD mimetics EUK-8 or EUK-134 also rescued the defective NSCs in these mice.

Previous studies showed that SOD1 KO mice are viable without overt abnormalities, but SOD2 KO mice exhibit severe mitochondrial damage, metabolic abnormalities, and die in mid-gestation or shortly after birth depending on their genetic background ([@bib28]; [@bib13], [@bib14]). Our results implicating a role for SOD1, but not SOD2, in mediating *Fip200^GFAP^* cKO NSC defects are in contrast to SOD roles in development. A lack of SOD2 involvement is consistent with our observation that mitochondria accumulation after deletion of Fip200 and other autophagy genes, not rescued in 2cKO mice, did not cause defective NSCs. On the other hand, increased O~2~^•−^ and defective NSCs correlated with decreased cytoplasmic SOD1 in *Fip200^GFAP^* cKO mice. Decreased cytoplasmic SOD1, increased O~2~^•−^, and defective NSCs were rescued by p62 ablation, suggesting that p62 aggregate accumulation in Fip200-null NSCs blocked the conversion of O~2~^•−^ to H~2~O~2~ by decreasing cytoplasmic SOD1 and/or sequestering SOD1 in the nuclei. Given that the majority of p62 aggregates are cytoplasmic, it is unlikely that p62 directly sequesters SOD1 in the nucleus of Fip200-null NSCs. However, we cannot exclude the possibility that cytoplasmic p62 increases SOD1 nuclear localization by displacing the interaction of another protein that maintains SOD1 in the cytoplasm. This would be similar to the reported role of p62 promoting Nrf2 nuclear localization by displacing Keap1 binding to Nrf2 ([@bib25]). Alternatively, a study showed that phosphorylation of SOD1 at S60 and S99 by the Mec1/ATM effector Dun1/Cds1 kinase leads to SOD1 localization in the nucleus under oxidative stress conditions ([@bib54]). p62 may regulate SOD1 nuclear translocation by modulating SOD1 phosphorylation at these sites. Future studies to examine SOD1 phosphorylation and/or identify interactions of p62 with SOD1 will help clarify mechanisms.

In summary, our studies revealed differential functions for an autophagy induction gene, as opposed to autophagy genes for autophagosome elongation, in the regulation of postnatal NSCs. Our studies identified the role of p62 aggregate accumulation in Fip200-null NSCs as a key determinant of NSC regulation through O~2~^•−^ accumulation caused by decreased cytoplasmic SOD1 levels.

Materials and methods {#s10}
=====================

Mice {#s11}
----

*Fip200^GFAP^* cKO mice with Fip200 conditionally deleted in postnatal NSCs ([@bib56]), h*GFAP-Cre* transgenic mice expressing Cre in postnatal NSCs ([@bib65]; [@bib56]), *Atg5*f/f mice bearing two *Atg5^flox^* alleles with exon 3 flanked by two *loxP* sequences ([@bib10]), *Atg16L1*f/f mice bearing two *Atg16L1^flox^* alleles with exon 3 flanked by two *loxP* sequences (gift of T. Saitoh and S. Akira, Osaka University, Osaka, Japan; [@bib51]; [@bib15]; [@bib4]), *Ubc-CreERT2* transgenic mice expressing the TAM-regulated Cre-recombinase fusion protein under the control of the ubiquitously expressed ubiquitin C (Ubc) promoter ([@bib17]), *Atg7*f/f bearing two *Atg7^flox^* alleles with exon 14 flanked by two *loxP* sequences (gift of M. Komatsu, Tokyo Metropolitan Institute of Medical Science, Tokyo, Japan; [@bib23]), and *p62^−/−^* mice with deletion of exons 1--4 of the gene (gift of T. Ishii, University of Tsukuba, Tsukuba, Japan; [@bib46]) were as described previously. All mice were maintained on a mixed C57BL/6 (50%) and FVB (50%) backgrounds. Age- and littermate-matched control and mutant mice were used for analysis to minimize the impact of modifier genes. Mice were housed and handled according to local, state, and federal regulations. All experimental procedures were performed according to the guidelines of the Institutional Animal Care and Use Committee of the University of Michigan and the University of Cincinnati. Genotyping for *Fip200*, *Atg5*, *Atg16L1*,*p62*, and *Cre* alleles was performed by PCR analysis of tail DNA, essentially as described previously ([@bib65]; [@bib10]; [@bib23]; [@bib15]; [@bib4]; [@bib56]; [@bib17]).

Antibodies and reagents {#s12}
-----------------------

Primary antibodies used were: mouse anti-BrdU (G3G4; DSHB), mouse anti-GFAP (Thermo Fisher Scientific), rhodamine-conjugated mouse anti-BrdU (Millipore), mouse anti-nestin (Rat-401), mouse anti-NeuN (Millipore), mouse anti--Nqo-1 (Santa Cruz Biotechnology), mouse anti-p62 (Abcam), mouse anti ubiquitin (Santa Cruz Biotechnology), mouse antivinculin (Sigma-Aldrich), rabbit anti-Atg5 (Novus Biologicals), rabbit anti-Atg16L1 (Abgent), rabbit anti-GFAP (Dako), rabbit anti-Ki67 (Spring Bioscience), rabbit anti-LC3 (Cell Signaling), rabbit anti-NBR1 (Cell Signaling), rabbit anti-Nrf2 (Abcam), rabbit anti-p62 (Enzo), rabbit anti-Sox2 (Millipore), rabbit anti-TAX1BP1 (Abgent), rabbit anti-Fip200 (ProteinTech), rabbit anti-olig2 (Millipore), rat anti-Ki67 (BioLegend), and guinea pig antidoublecortin (anti-DCX; EMD Millipore). Secondary antibodies were goat anti--rabbit IgG-FITC, goat anti--rabbit IgG--Texas red, goat anti--mouse IgG-FITC, goat anti--mouse IgG--Texas red, goat anti--mouse IgG-HRP, and goat anti--rabbit IgG-HRP (Jackson Immunology).

DHE and EUK-8 were purchased from Sigma-Aldrich. EUK-134 was purchased from Cayman Chemical. DCFDA, MitoTracker Red, and MitoTracker Green were purchased from Invitrogen.

Protein extraction, SDS-PAGE, and immunoblotting {#s13}
------------------------------------------------

The SVZ tissues from mice were microdissected from 300-µm-thick sagittal sections of P14 and P28 brains and used for protein extraction by homogenization in modified radioimmune precipitation assay buffer (50 mM Tris-HCl, pH 7.4, 1% Triton X-100, 0.2% sodium deoxycholate, 0.2% SDS, and 1 mM sodium EDTA) supplemented with protease inhibitors (5 µg/ml leupeptin, 5 µg/ml aprotinin, and 1 mm phenylmethylsulfonyl fluoride). In some experiments, sections containing SVZ tissues of Ctrl, *Fip200^hGFAP^* cKO, *Fip200/p62* 2cKO, and p62 KO mice at P28 were lysed with 1% SDS. After removing tissue and cell debris by centrifugation at 13,000 rpm for 10 min at 4°C, protein concentration was determined using a Bio-Rad protein assay reagent. Lysates were boiled for 5 min in 1× SDS sample buffer (50 mM Tris-HCl, pH 6.8, 12.5% glycerol, 1% SDS, and 0.01% bromphenol blue) containing 5% β-mercaptoethanol and analyzed by SDS-PAGE followed by immunoblotting using various antibodies, as described previously ([@bib56]).

Neurosphere culture {#s14}
-------------------

Neurospheres from SVZ cells of mice at P28 were cultured essentially as described in our previous study ([@bib56]). In brief, the SVZ tissues were isolated under a dissection microscope and cut into ∼1-mm^3^ cubes. The tissues were digested in 0.2% trypsin to obtain single-cell suspensions. The cells were cultured in neurobasal medium supplemented with B27 (Invitrogen), 10 ng/ml bFGF, and 20 ng/ml EGF (Invitrogen) in Ultra-Low Attachment dishes (Corning). Neurospheres with diameters larger than 50 µm were counted 9 d after culturing. For their passage, primary neurospheres were collected and then incubated in 0.2% trypsin at 37°C for 10 min with pipetting ∼50 times. After addition of trypsin inhibitor supplemented with DNase I (Worthington) to stop digestion, dispersed cells were collected by centrifugation at 400 *g* for 10 min, counted and cultured for the secondary neurosphere formation, and quantified the same way as the primary neurosphere formation described above.

Proteasomal activity assay {#s15}
--------------------------

Proteasomal activity was analyzed essentially as described previously ([@bib29]) using the synthetic peptide substrates linked to the fluorometric receptor and AMC (Proteasome Substrate Pack; Biomol). Neurospheres were lysed by proteolysis buffer (0.5 mm DTT, 5 mm ATP, and 5 mm MgCl~2~). The 250-µl aliquots containing equal amounts of protein were incubated for 30 min at 37°C with 2.5 µl Ac-Gly-Pro-Leu-Asp-AMC (5 mm), Z-Leu-Leu-Glu-AMC (5 mm), Suc-Leu-Leu-Val-Tyr-AMC (5 mm), Ac-Arg-Leu-Arg-AMC (5 mm), or Boc-Leu-Arg-Arg-AMC (5 mm) for caspase-like, chymotrypsin-like, or trypsin-like activity, respectively. The reaction was stopped by adding 252.5 µl of ice-cold ethanol (96%). Proteasomal activity was determined by measuring the fluorescence from AMC hydrolysis (350 nm excitation and 440 nm emission).

Histology and immunofluorescence (IF) {#s16}
-------------------------------------

Mice were euthanized using CO~2~, and a complete tissue set was harvested during necropsy. Fixation was performed for 16 h at 4°C using 4% (wt/vol) freshly made, prechilled PBS-buffered PFA. Brain tissues were sagittal sectioned, embedded in paraffin, and sectioned at 5 µm with a Leica 2125 Microtome (Leica). Slides from histologically comparable positions (triangular lateral ventricle with intact RMS) were stained with hematoxylin and eosin (H&E) for routine histological examination or left unstained for IF. H&E-stained sections were examined under a BX41 light microscope (Olympus) equipped with a 20× 0.5 NA UPlanFl air objective lens, and images were captured at room temperature with a digital camera (model DP70; Olympus) using DP Controller software (Version 1.2.1.10 8). For IF, unstained tissues were first deparaffinized in three washes of xylene (3 min each) and then rehydrated in graded ethanol solutions (100%, 95%, 70%, 50%, and 30%, 1 min each). After heat-activated antigen retrieval (Retriever 2000; PickCell Laboratories) according to the manufacturer\'s specifications, sections were treated with Protein Block Serum Free (Dako) at room temperature for 10 min. Sections were then incubated with primary antibodies at 4°C for 16 h in a humidified chamber, washed in PBS three times (5 min each), and incubated with 1:200 FITC or Texas red--conjugated secondary antibodies for 1 h at room temperature. After incubation with secondary antibodies and washing three times (5 min each) in PBS, nuclei were stained with DAPI and mounted with Vectashield mounting medium (Vector Laboratories). Digital photography was performed as described in the previous paragraph.

Laser scanning confocal microscope imaging {#s17}
------------------------------------------

Confocal image acquiring was performed at room temperature using an Axiovert 710 Meta laser scanning confocal microscope (Carl Zeiss) equipped with a 63×/1.2 water-corrected oil-immersion lens. Images were integrated and processed using Zen 2010 software. Raw data were used to reconstitute z-stacks and orthogonal sections, and all data were processed identically between samples. Orthogonal projections were created from z-stacks containing 20 images acquired at intervals of 0.4 µm using Zen 2010 software. Figures were reassembled in Photoshop (Adobe).

TEM {#s18}
---

TEM studies of the SVZ samples were essentially performed as described previously ([@bib56]). In brief, Ctrl, *Atg5^hGFAP^* cKO, *Atg16L1^hGFAP^* cKO, *Fip200^hGFAP^* cKO, *Fip200/p62* 2cKO, and p62 KO mice were perfused through the heart with a mixture of 2% PFA and 1.25% glutaraldehyde in 0.1 M phosphate buffer. Brains were removed and postfixed for 2 h with the same fixative before sectioned as 200-µm slices with a vibratome (Leica). After postfixation for 1 h with 1% osmium tetroxide, slices were washed in 0.1 M cacodylate buffer, pH 7.2. The slices were dehydrated through a series of ethanol solutions, infiltrated with epoxy resins, and flat embedded. Slices containing the lateral ventricle and the SVZ were trimmed and mounted on blocks and sectioned with an ultramicrotome. Ultrathin sections were counterstained with uranyl acetate and lead citrate and analyzed with a JEM-1230 transmission electron microscope (JEOL).

FACS {#s19}
----

Dissociated cells from neurospheres were stained with MitoTracker Green and MitoTracker Red at 20 nM for 15 min at 37°C, or by 2′-7′-dichlorofluorscein diacetate at 5 µM and DHE at 3.2 µM for 15 min at 37°C, according to manufacturer\'s instructions. Cells were resuspended in 2 µg/ml DAPI to distinguish live from dead cells. Flow cytometry was performed on a FACSVantage SE-dual laser, three-line flow cytometer or an FACSCanto (BD Biosciences). Dysfunctional mitochondria was gated with decreased ratio of respiring mitochondria to total mitochondrial mass (MitoTracker Red/MitoTracker Green) in dissociated NSCs.

DHE, EUK-8, and EUK-134 administration {#s20}
--------------------------------------

DHE was delivered intraperitoneally into P28 mice essentially as previously described ([@bib56]). EUK-8 and EUK-134 were injected intraperitoneally into P7 mice every day at a concentration of 30 mg/kg for 21 d as described previously ([@bib37]).

BrdU incorporation assay and TUNEL assay {#s21}
----------------------------------------

For in vivo studies, BrdU was administrated intraperitoneally at 100 µg/g three times at 2-h intervals. Mice were either euthanized 2 h after the last injection (short-term incorporation) or 3 wk later (long-term retention), and tissues were processed as described in the Histology and immunofluorescence section. For BrdU detection, tissue samples were treated with 2M HCL at room temperature for 20 min to denature the nucleotides and then neutralized with 0.1 M sodium borate at room temperature for another 20 min. After three washes in PBS (5 min each), slides were incubated with mouse anti-BrdU antibody and secondary antibodies as described for immunofluorescent staining. Nuclei were stained with DAPI and mounted with Vectashield mounting medium (Vector Laboratories). For IF and detection of BrdU in the same tissue, IF was performed first and samples were postfixed with 4% PFA at room temperature for 20 min before nucleotide denaturing with HCL. Histological examination and digital photography were performed as described in the Histology and immunofluorescence section.

Apoptotic cells were detected by TUNEL according to the protocol provided by the manufacturer in the In Situ Cell Death Detection kit-TMR Red (Roche).

Fip200 and Atg13 shRNAs for lentiviral Infection of NSCs {#s22}
--------------------------------------------------------

Mouse Fip200 and Atg13 lentiviral shRNA constructs were purchased from Open Biosystems. Control and target shRNA constructs were cotransfected with psPAX2 and pMD2G package vectors into 293T cells. Supernatants containing lentivirus were collected and concentrated according to the manufacturer's instructions. Viruses were used to infect isolated SVZ cells by spin infection at 2,000 rpm for 30 min. Infected cells were collected by FACS and cultured in the same conditions for neurosphere formation assay.

Statistical analysis {#s23}
--------------------

Lengths, areas, and the number of cells from comparable sections were quantified using ImageJ software. Statistical significance was evaluated by Student's *t* test, with P \< 0.05 indicative of statistical significance using Graph Pad Prism (version 5.0). The number of animals used for quantification is indicated in the figure legends.

Online supplemental material {#s24}
----------------------------

Fig. S1 shows that deletion of Atg5, Atg16L1, or Atg7 does not affect postnatal neural stem cells in the SGZ. Fig. S2 shows analyses of ubiquitin, p62, TAX1BP1, and NBR1 aggregates in *Fip200^GFAP^* cKO, *Atg5^GFAP^* cKO, and *Atg16L1^GFAP^* cKO mice. Fig. S3 shows that p62 KO rescues degenerative neural stem cells in the SGZ of *Fip200^GFAP^* cKO mice. Fig. S4 shows that SOD mimetics restore normal superoxide levels and rescue defective neural stem cells in the DG of *Fip200^GFAP^* cKO mice, Atg13 knockdown decreases neurosphere formation of SVZ cells, and decreased p62 mRNA in Fip200-null neurospheres. Fig. S5 shows analysis of proteasome activity and activation of p62--Keap1--Nrf2 axis in neural stem cells of Ctrl, *Fip200^GFAP^* cKO, *Atg5^GFAP^* cKO, and *Atg16L1^GFAP^* cKO mice. Online supplemental material is available at <http://www.jcb.org/cgi/content/full/jcb.201507023/DC1>.
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